Abstract -3D ultrasound computer tomography (3D USCT) is a new imaging method aimed at early breast cancer detection. For synthetic aperture focusing the data is acquired with (nearly) unfocussed ultrasound emission and reception. Therefore the SNR of the data is low and needs to be optimized.
INTRODUCTION
At Forschungszentrum Karlsruhe we are developing a new imaging method for early breast cancer detection: 3D ultrasound computer tomography (3D USCT) [1] . A new aperture setup is build at them moment, called USCT3D 2 nd generation ( Figure 1 ). This new design aims for high imaging quality by an optimized aperture [4] . It consists of a rotate-and liftable container lined with hundreds of ultrasound transducers, sparsely positioned in 3D in walls of the measurement container. The 3D reflectivity imaging is based on a post-beam-forming technique, which is known under several names like synthetic aperture focusing technique (SAFT), sum-and-delay, ellipsoidal back-projection etc. [2] . This concept and the aimed application result in very specific properties for the ultrasound transducers and aperture, different from conventional ultrasound imaging [4] . 3D SAFT demands unfocussed spherical waves emitted and received by single transducers. This 3D multistatic [3] aperture setup requires wide opening angles of the transducers. For the required wide opening angle of the transducers the active area of the piezo ceramics needs to be small. This is in conflict with the requirement for sufficient ultrasound pressure to achieve high SNR, which demands large areas of active piezo ceramic. Additionally, the designated medical application of breast scanning and requires an aperture size of 17cm x 12cm x 12cm, resulting in long travel times further reducing SNR [4] . Also, the strong damping of human tissue decreases the SNR. Therefore, for the USCT approach a critical trade-off in active transducer area has to be found, to fulfill the large opening angle requirement as well SNR. This work tries to relax this trade-off by increasing the SNR through usage of advanced coded excitation and matched filter signal processing techniques known from radar and sonar.
II. ADVANCED CODED EXCITATIONS TECHNIQUES
Advanced coded excitations techniques are originating from radar and sonar. Recently, they are also applied in the area of ultrasound imaging [6] , [7] . The basic idea is to prolong the excitation pulse to transport more energy even with small bandwidth or without the requirement of further increase in pulse magnitudes. This over pulse length 'distributed' energy needs to be compressed to shorter pulses with increased SNR. This might be achieved by pulse compression techniques using matched filtering ('optimal filter') [5] . 
1) Pulse compression: Matched filtering
The requirement for matched filtering is knowledge of applied pulses and system. From a received signal a pulse compressed signal 
2) Sinusoid Excitation Pulses
One of the simplest bandwidth limited pulse usable in a USCT setup is a damped sinus pulse (see Figure 2 ), generated by: 
Disadvantage of this kind of pulses is the poor pulsecompression by a corresponding matched filtering.
3) Chirps
A chirp (see Figure 3 ) is a signal with linear or non-linear frequency-modulation. It results after matched filtering in compressed signals which length is only dependent on the applied bandwidth. In a continous form a sine-window damped linear chirp with this properties is modeled by
denotes the center frequency and 0 f B the bandwidth.
4) Binary Codes: Barker Code
In binary codes the phase is modulated rather than the frequency. This class of pulses encodes binary states by phase inversion. Concatenation of phase inverted or not-inverted base pulses (e.g. sinusoid pulses) results in prolonged pulses, see Figure 4 (c). Pulse compression may also be applied for phase modulated signals.
In Table 1 several Barker codes of varying length are given [8] . In these papers it was also shown by numerical analysis that with respect to the level of side lobes, the length of 13 is optimal, which was later used for the later experiments [10] . Table 1 Barker binary codes of various lengths, on the right is given the nominal peak-sidelobe level (PSL) [8] .
5) Complementary Codes: Golay Code
One disadvantage of the Barker codes are relative high artifact sidelobe magnitudes which contribute to the noise in signals, see sidelobes in Figure 5(d) . Binary codes of the class of complementary codes eliminate these sidelobes completely [9] . The downside is that two complementing pulses have to be recorded, which increases measurement time by two. Examples for Golay complementary codes are shown in Table 2 and Figure 5 . 
6) Quality scores for pulse compressed signals
One drawback of pulse compression is that sidelobes are often produced by the matched filtering. This sidelobes may be used as quality score for all kind of pulses and the associated matched filtering, measured with the metrics peak-sidelobelevel (PSL) and integrated-sidelobe-level (ISL):
M denotes the maximum of magnitude of the resulting pulse and the maximum magnitude of the sidelobe, denotes the integrated power of the resulting pulse peak and the integrated sidelobe power. Additionally, signal to noise ratio (SNR) and gain of signal to noise ratio (GSNR) were analyzed. The setup consist of a water container ( ) with sensor slots in front and an in 3D moveable arm holding a calibrated hydrophone. With an AWG (arbitrary wave generator) the introduced pulses and codes can be generated. The hydrophone is connected over a digitization board to the PC, where the evaluation is done with MATLAB. The transducers used for pulse emission were USCT sensor-prototypes of 2 nd generation with a resonance frequency of 2.8 MHz and an opening angle of ±23° at -6dB. The hydrophone was an ONDA HNC-400 with a 20dB preamplifier.
A. Empty measurement
The measurement was done for varying angular positions of the hydrophone to simulate the multistatic 3D USCT aperture. The introduced pulses and codes for varying center frequency and bandwidth were used. As pulses for the encoding of both the Barker and Golay code a damped sine pulse was used (see Figure 2) .
B. Phantom Measurement
To simulate the designated medical application a tissue mimicking phantom (see Figure 7) was placed between transducer and hydrophone. The phantom was made of castoroil in a bottle (wall thickness < lambda/4) with dimensions 34 cm x 8cm x 8cm. The frequency damping characteristics of castor-oil is comparable to human breast tissue: 0.72 dB/(MHz cm).
IV. RESULTS Figure 8 shows for the empty measurement the SNR for the evaluated codes with the parameter center frequency of 2.8 MHz and the bandwidth of 1.0 MHz setup over the hydrophone angle.
In the phantom measurement the received sound pressure for 2.8 MHz and large hydrophone angles was too low for the sinusoid pulses, so that this reference could not be evaluated. Therefore 1.0 MHz center frequency and 0.25 MHz bandwidth was used; results are shown Figure 9 . In Table 3 and 4 the results for all scores and for both setups are given. Table 3 Scores for different excitation pulses and empty measurement setup, signal center frequency 1 MHz and bandwidth 0.25 MHz, measurements were averaged 512 times. Table 4 Scores for different excitation pulses and the phantom measurement setup, signal center frequency 1 MHz and bandwidth 0.25 MHz, measurements were averaged 512 times.
Overall, the Golay code showed the highest SNR for the empty measurement (56dB) and the phantom measurement (42dB), followed by the Barker code then the chirp code. The sinusoid pulse had, as expected, by far the lowest SNR.
V. DISCUSSION
It was shown that the techniques used in radar and sonar are suitable for the USCT setup and designated medical application. The evaluated Golay complementary code is a promising option as excitation code for USCT, with downside of a doubled DAQ time. Therefore, the Barker code without this disadvantage is also an interesting option for extending the signal SNR without reducing the opening angle of the US transducers.
Further evaluation is required for analysis of the tissue depended frequency dispersion effect for higher center frequencies and the resulting scores. Figure 9 . SNR for phantom experiment for varying angular positions, for all pulses was the center frequency 1MHz and bandwidth 0.25 MHz, the measurements were averaged 512 times.
